ZnO nanoparticle (NP) layers were formed using a simple drop casting process. Applying thermal pressing clearly improved the surface morphology and electrical properties of the as-deposited ZnO NP layers as well as significantly enhanced the transistor characteristics of the NP layers. The effects of thermal pressing on the film surface properties were evaluated by X-ray photoelectron spectroscopy, Kelvin probe microscopy, and photoluminescence spectroscopy. Results suggest that thermal pressing improved the transistor characteristics by decreasing NP surface defects such as oxygen vacancies.
I. INTRODUCTION
Nanoparticle (NP) semiconductor films have attracted considerable attention as channel layers for thin-film transistors (TFTs) because of their extremely low-cost fabrication processes. Another attractive feature is their adaptability to flexible substrates exhibiting various surface morphologies such as curved and non-atomically flattened surfaces. The surfaces of oxide semiconductors such as ZnO do not form an insulating layer when dispersed in water. Therefore, many efforts have been made to incorporate ZnO NP layers into TFTs. [1] [2] [3] [4] [5] [6] [7] Generally, NP layers have been generated mainly by annealing and plasma treatments to control surface chemistry and crystallinity. However, few reports have addressed the degree of adhesion and mutual binding between individual NPs. To enhance binding and minimize gaps between NPs, thermal pressing was applied to drop-cast ZnO NP layers formed on quartz substrates, which is expected to improve the intrinsic properties of particle-based films prior to conventional surface treatments such as annealing and plasma treatments. The resulting TFTs were implemented in metal-semiconductor field-effect transistor (MESFET) structures.
II. EXPERIMENTAL
ZnO NPs were synthesized by arc-discharge-mediated gas evaporation [8] using dry air at 610 Torr and an arc current of 30 A. The obtained NPs (0.1 g) were dispersed in water (20 g ) by ultrasonic homogenization (150 W, 3 min). After centrifugation (2000 g, 1 min), a ZnO NP dispersion with a median particle size of 250 nm was obtained. The dispersion was deposited dropwise using a micropipette (5 µl/drop) 100 times on quartz substrates heated at 500
• C( Fig. 1(a) ). A relatively high temperature (500
• C) was used to minimize the evaporation time and improve cohesion of particles. Although the sudden boiling could also potentially enhance the gap between NPs, this method provided samples suitable for verifying the effects of the following thermal pressing. Finally, layers were pressed at pressures of 300-900 kg/cm for 30 s. The film morphologies were examined by optical (AxioImage-2, Zeiss) and field-emission scanning electron microscopes (FESEM; JSM-7001FA, JEOL, 5 kV). Elemental analyses were performed by X-ray photoelectron spectroscopy (XPS) with Al Kα radiation. Binding energies were calibrated by shifting the C 1s peak position to 285.0 eV. [9] [10] [11] [12] The sheet resistance was determined independently by the transfer length method for an electrode distance of 100-500 µm. Electron mobility was evaluated by the van der Pauw method. Surface potentials were analyzed by Kelvin force microscopy (KFM; SKP5050, KP Technology) and optical properties were measured by photoluminescence spectroscopy (PL; FluoroMax-4, Horiba) using monochromatic excitation at 325 nm.
III. RESULTS AND DISCUSSION
Figure 1 the deposited particles. Figures 1(c) and 1(d) show optical microscopy surface images before and after thermal pressing (900 kg/cm 2 and 300 • C), respectively. The asdeposited surface displayed a mesh-like morphology, indicating that individual NPs were relatively spread out in the film. The thermal pressing treatment decreased the average separation between NPs, leading to a tighter surface morphology. Figure 2 shows the influence of pressure on sheet resistance and electron mobility during thermal pressing. Before thermal pressing, the films exhibited extremely high sheet resistance and low mobility. A small improvement was observed when pressed below 600 kg/cm 2 . However, when pressing at 900 kg/cm 2 , the sheet resistance dropped and mobility increased drastically. • before and after thermal pressing at 900 kg/cm 2 and 300 • C. The O 1s spectrum ( Fig. 3(a) ) consisted of two peaks at binding energies of 530.3 and 531.8 eV, which were assigned to typical wurtzite ZnO and OH groups, respectively. [13] [14] [15] [16] [17] [18] The inset shows the OH group ratios in the O 1s spectrum at escape angles of 45
• and 15
• . The quasi-similarity of these ratios indicates that this functional group was evenly distributed in the NP layer. The Zn 2p 3/2 spectrum was consistent with typical wurtzite ZnO (Fig. 3(b) ) and is in agreement with previous reports. [13, 15, [17] [18] [19] The proportions of chemical components including the OH group ratios did not change after thermal pressing (Figs. 3(c) and 3(d)) ; however, the O 1s (ZnO) and Zn 2p 3/2 peak positions shifted to higher energies by 0.15 eV. Valence band spectra before and after thermal pressing (900 kg/cm 2 and 300
• C) are shown in Fig. 3(e) . The peak heights were normalized with respect to the O 2p-π signals. Before thermal pressing, the valence band full spectrum (inset, Fig. 3(e) ) displayed clear peaks for ZnO binding orbitals, consistent with those previously reported for single-crystal surfaces. [20, 21] NP layer between the Au and Al regions to facilitate calibration (Fig. 4) . Black solid and red dashed lines correspond to as-deposited and pressed samples (900 kg/cm 2 , 300
• C), respectively. Unfortunately, the profile of the pressed sample presented a non-uniform curve in the ZnO NP region. Drop casting may have caused variations in the NP layer thickness, resulting in an uneven pressure distribution during thermal pressing. The pressed portions of the films showed a 157 meV work function decrease. This decreased work function corresponds to an increase in the energy difference between the Fermi level and the valence band edge, consistent with the XPS results. This confirms that thermal pressing caused relaxation of the surface band bending. on the surface of each NP within the layer. Figure 5 shows PL spectra of ZnO NP layers in two asdeposited and thermally pressed samples at 900 kg/cm 2 and 300
• C, with the intensities adjusted for comparison. All spectra displayed clear ZnO exciton peaks, and broad peaks ranging from 400 to 600 nm were assigned to various defects such as oxygen vacancies. [22] The peak at approximately 500 nm decreased for core-shell structured NPs having a silica shell (data not shown), which indicates passivation of surface defects. Furthermore, the PL spectrum obtained from binder-coated ZnO NPs (Fig. 3 in Ref. [8] , NPs with surface defect passivation) showed a signal reduction in the same range. NP formation conditions in Ref. [8] were not exactly similar to those used in this study but exploited an identical gas evaporation method. Therefore, the signal observed between 400 and 600 nm in Fig. 5 are also likely to originate from NP surface defects. In this study, signals assigned to defects clearly decreased after thermal pressing. Compared with XPS measurements, PL measurements were more representative of the bulk sample. Therefore, the defect reduction phenomenon occurred mainly inside the NP layer. The reduction in the proportion of NP surfaces in the layers may explain the improvement induced by thermal pressing. In this case, oxygen vacancies at NP surfaces were compensated by OH oxygen atoms at neighboring NP surfaces by heating at high pressure. However, because oxygen vacancies near the surface of the NP layer were not in contact with other NPs, only a few defects inside the NP layer were compensated. Generally, surface potential is sensitive to variations of defect density, and in this study, the defect density resulted in relaxation of band bending by 0.15 eV. This change was not detected by XPS (Fig. 3(a-d) ) because these measurements are limited to probing the surface of samples. Difference among the rates of decrease in defects in the pressed samples shown in Fig. 5 may be explained by a reasoning similar to that which caused the non-uniform behavior shown in Fig. 4 . Finally, the as-deposited and thermally pressed ZnO NP layers were applied in TFTs. Current-voltage (I D -V D ) characteristics at the drain are shown in Figs. 4(a)  and 4(b) . A cross-sectional illustration of the TFTs is shown in the inset. Al and Au electrodes acted as ohmic source/drain electrodes and Schottky gate electrodes, respectively. Devices incorporating as-deposited NP layers showed poor transistor characteristics (Fig. 6(a) ). A small http://www.sssj.org/ejssnt (J-Stage: http://www.jstage.jst.go.jp/browse/ejssnt/)variation in drain current with decreasing V G was only observed at V D values exceeding 13 V. Conversely, the variability of drain current in response to gate voltage improved considerably for devices containing ZnO NP layers pressed at 900 kg/cm 2 and 300 • C (Fig. 6(b) ). Drain current dropped progressively with decreasing gate voltage, consistent with an n-type MESFET. This suggests thermal pressing induced a lower NP surface state defect density and caused relaxation of the NP layer surface band bending to produce a well-behaved metal-semiconductor interface. Moreover, the decrease in NP surface defects within the film introduced field effects deep into the NP layer. Here, transistor behavior was realized using ZnO NP layers formed by combining a simple drop casting method with thermal pressing.
IV. CONCLUSION
In conclusion, ZnO NP layers were formed on quartz substrates using a simple drop casting method. The effects of an additional thermal pressing step were evaluated. The layers were incorporated into devices exhibiting MESFET behavior. Thermal pressing reduced NP surface defects and enhanced electrical properties of the layer by lowering sheet resistance and increasing electron mobility. Thermally pressed ZnO NP layers showed considerably improved transistor performance.
